Using two-photon excitation of f luorescent indicator dyes, we measured calcium concentration transients in retinal ganglion and amacrine cells without destroying the light sensitivity of the retina by maximally activating or bleaching the photoreceptors. This allowed an immediate assessment of the cellular morphology and study of the calcium signals evoked by visual stimuli. Calcium dynamics in individual dendritic processes could be examined for extensive periods without deterioration and with little apparent phototoxicity at excitation wavelengths of from 930 to 990 nm. Light-evoked increases in calcium were resolved in ganglionand amacrine-cell neurites, making it possible to use optical recording to study the relationship between calcium signaling and retinal function.
Signals carried by changes in intracellular calcium play a critical role in the functional state of nearly all cell types. This is certainly true of neurons, in which changes in intracellular calcium concentration ([Ca 2ϩ ] i ) are tightly coupled to the electrical properties of the cell through Ca 2ϩ -sensitive ion conductances and voltage-gated Ca channels. Intracellular Ca 2ϩ signals also are important in biochemical processes involved, for example, in signal transduction pathways, gene expression (1) , and synaptic plasticity (2) . As a consequence, the measurement of intracellular calcium transients with the help of fluorescent indicators (3) has become an indispensable tool for the study of electrochemical information processing in neurons and their subcellular compartments.
High-resolution calcium measurements are especially desirable in the retina, where many cells have spatially and electrotonically extensive dendritic trees. The extent of such studies, however, has been limited by the fact that the retina is an exquisite light detector and responds strongly to the light used to excite a fluorescent indicator. As a result, [Ca 2ϩ ] i has been measured mainly in either the developing retina, at an early stage before light sensitivity has arisen (4, 5) , or in retinal photoreceptors, where the [Ca 2ϩ ] i has been estimated before there has been enough time for the [Ca 2ϩ ] i changes induced by the excitation illumination to take effect (6) (7) (8) (9) (10) (11) .
To achieve high temporal and spatial resolution it is necessary to excite fluorescence indicators with light of an intensity that far exceeds that of any natural stimulus. For the calcium indicators that are available currently, the excitation wavelengths lie in a range that also is absorbed strongly by rod and cone visual pigments. Hence, when used in the retina the excitation of fluorescence also excites the photoreceptors and generates a saturating receptor response that persists for as long as the cells are illuminated. This makes the receptors and thus all other retinal neurons blind to visual stimuli delivered during a fluorescence measurement. It, therefore, is not possible to use conventional, i.e., one-photon, fluorescence techniques to continually record light-induced calcium responses in the retina.
Multiphoton fluorescence excitation microscopy (12) has been used to study calcium dynamics in dendrites in brain slices (13, 14) and in vivo (15) , where improved depth penetration and reduced photodamage are paramount. In this article we demonstrate that by making use of the same underlying principle-the almost complete confinement of molecular excitation to a femtoliter-sized volume-multiphoton fluorescence excitation using infrared illumination permits morphological imaging and spectrofluorometric measurements of calcium dynamics in retinal neurons without concomitant loss of light-evoked responses.
METHODS
Preparation and Electrophysiological Recording. Tiger salamanders (Ambystoma tigrinum, larval form; obtained from Charles Sullivan, Nashville, TN) were dark-adapted for an hour or more. The dissection and preparation of the retina was performed under IR illumination (940 nm) with night-vision goggles (NVEC-800HP; Litton, Poly-Scientific, Blacksburg, VA). Retina isolated from a piece of the hemisected eye was placed photoreceptor-side down in a chamber perfused (3 ml͞min) with Ringer's solution (110 mM NaCl͞22 mM NaHCO 3 ͞2.5 mM KCl͞1.5 mM MgSO 4 ͞1 mM CaCl 2 ͞10 mM D-glucose) that was equilibrated with 5% CO 2 ͞95% O 2 . To prevent it from moving in the fluid stream the retina was held under a ''harp'' (made of nylon or gold threads stretched and glued across a U-shaped piece of gold or platinum wire) or clamped on three sides by using springs made from tungsten wire. The preparation was illuminated through a substage condenser with an LED (940-nm wavelength) and observed by using a charge-coupled device video camera (D39244; Edmund Scientific, Barrington, NY). Observation as well as two-photon laser scanning and fluorescence detection were performed through a water-immersion lens (Achroplan, 63ϫ͞ 0.9 WI; Zeiss). Motorized micromanipulators (MP100; Sutter Instruments, Novato, CA) were used to position the microelectrode used for electrical recording as well as a second, ''pusher'' pipette to help the microelectrode penetrate the internal limiting membrane. The second pipette (opposing or at a right angle to the recording electrode) was used to provide a counterforce that prevented excessive movement of the internal, limiting membrane and distortion of the underlying retinal architecture. The recording electrode was connected to a high-impedance, negative-capacitance amplifier (Axoclamp 2A; Axon Instruments, Foster City, CA), and the output was recorded in one of the first few pixels of each scan line to ensure accurate registration with the optical signal. Cell penetration usually was promoted by a brief (Ͻ1-ms) burst (buzz) of oscillations caused by capacitance overcompensation. Electrodes were pulled from borosilicate glass capillaries (1-mm o.d.͞0.5-mm i.d., with filament; Sutter Instruments) on a laser puller (P2000; Sutter Instruments) and had resistances between 250 and 350 M⍀ when filled with 300 mM potassium acetate, to which about 5 mM Ca-green 1 or Oregon green 488 BAPTA-1 (both from Molecular Probes) had been added.
Visual Stimulation. Red ( ϭ 650 nm) and green ( ϭ 560 nm) light-emitting diodes (LEDs) that illuminated the whole retina were used to deliver full-field light stimuli. Moving bar stimuli were generated by using the beam from a laser pointer (D54006; Edmund Scientific; ϭ 635 nm) that was deflected by an X-Y pair of galvanometer mirrors (model 6800; Cambridge Technology, Cambridge, MA) and focused onto the retina by using the substage condenser [0.32 numerical aperture (n.a.)]. For local stimulation the same condenser projected a 10-m spot onto the photoreceptor layer from a pinhole illuminated by a yellow LED ( ϭ 587 nm).
Laser-scan recording was performed with a custom-built laser-scanning microscope (16) by using a pair of galvanometer mirrors (model 6800HP; Cambridge Technology) driven by custom software. The light source was a Ti:sapphire laser (Tsunami; Spectra-Physics) that provided Ϸ200-fs pulses at 100 MHz that normally were tuned to 930-nm center wavelength. This wavelength was used to minimize residual onephoton excitation of rod and cone visual pigments and to take advantage of a secondary peak in the two-photon excitation spectrum of the indicator (17) . Estimated average laser powers at the retina ranged from 2 to 30 mW. Fluorescence was detected in whole-area mode (18) by using either a photomultiplier tube (R9836; Hamamatsu, Middlesex, NJ) or an intensified photodiode (19) with a fluorescein emission filter. All [Ca 2ϩ ] dynamics data were acquired in line-scan mode with 2-ms time resolution and were analyzed by using the IDL software package (Research Systems, Boulder, CO).
RESULTS
Optical Penetration into the Retina. The optical properties of the retinal-processing layers are far more favorable than those of other neural tissues. This can be seen in Fig. 1 , where Ringer's solution containing fluorescein was used to counterstain the cells in the retina. When imaged from the ganglion cell side, there is little, if any, reduction of fluorescence intensity and image resolution upon traversing from the inner limiting membrane to the outer nuclear layer. Presumably, the biological reason for such optical clarity [which also is responsible for a marked lack of contrast when the retina is viewed with Nomarski differential interference contrast microscopy (DIC) optics] is to avoid scattering the image-forming light as it transverses the retina to reach the photoreceptors. In areas in which the inner limiting membrane had been removed by tearing with the electrodes or was accidentally missing, the ganglion-cell bodies became much more visible with IR transillumination, and we also noticed a severe degradation in the depth penetration for the two-photon fluorescence imaging. In such retinas, unlike those with an undamaged inner limiting membrane, it was impossible to follow the electrode to the outer nuclear layer or image dye-filled horizontal cells. It was also impossible to obtain any useful images, either visually or by laser scanning, when coming from the photoreceptor side. This presumably is due to the laser focus being degraded by the array of microlenses formed by the photoreceptors' outer segments, which have a refractive index that is rather different from the surrounding medium, a fact that also is responsible for their strong DIC contrast. Morphology. For calcium measurements in individual retinal neurons, fluorescent indicators were introduced by iontophoresis (with currents in the sub-nanoampere range applied for tens of minutes) from sharp microelectrodes, which, at the same time, served to record the cells' membrane potential. Several minutes after first penetrating a cell with a microelectrode, the dendritic morphology became apparent (Fig. 2d) , which helped to assess the cell type and allowed suitable parts of the dendrite to be selected for recording fluorescence signals.
Imaging Laser Effects. Fig. 2 a and e shows that transient electrical and calcium responses were triggered in some cells when the imaging laser first started impinging on the retina, but after a few seconds, fluorescence (i.e., [Ca 2ϩ ] i ) and membrane voltage returned to their resting levels. In whole-area scan mode, in particular, if a large field of view was imaged at high resolution leading to a slow frame rate (more that 1 s per frame), cells often responded with periodic spike discharges or subthreshold voltage changes in synchrony with the large area scan (data not shown). To avoid this problem and to achieve high time resolution, all [Ca 2ϩ ] i data were taken in line scan mode, which did not cause synchronous membrane potential changes beyond the initial transient. It is likely that the reason for this is that the movement of the beam is fast enough on the time scale of the retinal response to mimic stationary illumination.
For a brief period after the start of the scan, [Ca 2ϩ ] i was unresponsive to weak light stimuli (Fig. 2e) but stable responses, in this case to full-field stimuli, returned and persisted. Calcium signals were robust and changed little over time even when recording for several minutes from the same region of a dendrite (Fig. 2g) . Similar responses (data not shown) were evoked by a small spot stimulus located in the center of the scanned area. This demonstrates that during two-photon fluorescence measurements the retinal photoreceptors within the scanned area retain their light sensitivity. The electrical response of a horizontal cell located at the center of the field of view was used to assess the extent of photoreceptor activation caused by the imaging laser. Approximately equivalent horizontal cell responses were evoked by a full-field flash of 650-nm light (150 ms at 150 nW͞cm 2 ) and a single sweep of the imaging laser (64 lines, 2 ms each, covering an area of about 130 m ϫ 130 m) with an estimated average laser power at the sample of 20 mW. At laser wavelengths of 930 or 990 nm the response to the scan was virtually unaffected by the focal-plane position and was independent of whether the laser was mode-locked, i.e., producing short pulses, or running in continuous-wave mode. These observations strongly indicate that the response to the laser scan mainly is due to one-photon rather than two-photon absorption because two-photon excitation falls off strongly along the z axis and mode locking increases the rate of two-photon excitation by about 10 5 (18) . When L-cone sensitivity was suppressed, however, by continuous 650-nm full-field illumination, the horizontal cell responses evoked by laser scanning (990-nm wavelength) were dominated by nonlinear absorption, as shown by a strong dependence on mode locking.
Action-Potential Responses. The temporal resolution and signal-to-noise ratio of the measurements were sufficient to detect individual upward steps in the fluorescence signal, coincident with electrically recorded action potentials (Fig.  2b) . This indicates that in ganglion cells, voltage-gated Ca 2ϩ channels are responsible for at least some of the light-induced Ca 2ϩ influx. In thin dendritic processes, the increase in [Ca 2ϩ ] i reached a maximum after as few as two action potentials (Fig.  2 a and b) . This observation, along with the large size of the relative fluorescence change (20) and its delayed nonexponential falling phase, suggests that the local increase in [Ca 2ϩ ] i is enough to saturate the indicator. The final [Ca 2ϩ ] i level reached during a burst of action potentials, therefore, could be well into the micromolar range, but for a more direct measurement, indicators that have a lower calcium affinity and, thus, saturate at higher [Ca 2ϩ ] i need to be used.
There are also substantial differences in the temporal dynamics of [Ca 2ϩ ] i changes in neighboring regions of the same dendritic tree (Figs. 3 a and b) . The [Ca 2ϩ ] i rise in the thinner, more distal branch is much faster, and the decay is somewhat accelerated. These differences could be caused, at least partially, by nonuniformity in surface͞volume ratio.
Response Variation. Optical recordings can be made from nearby processes belonging to two different cells within the same area if they both are filled with indicator. This is possible because calcium-indicator dyes are retained inside intact cells (21) and most cells survive for many hours after the recording electrode has been withdrawn. The optical recording in Fig. 2g , for instance, was made more than 6 h after electrode removal. An example for a comparison between two different cells is shown in Fig. 3 f and g . One of the processes clearly belonged to an ''off'' cell and the other one belonged to an ''on-off'' cell. Because the light-evoked Ca 2ϩ signal is retained even during extensive imaging, it is possible to explore and compare the responses to a wide range of stimulus parameters, such as the color of the stimulus light (Fig. 3h) . The long-term functional integrity of the retina and the stability of the fluorescence measurements allow the distribution of light-evoked [Ca 2ϩ ] i responses to be mapped throughout the dendritic arbor. This 
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Neurobiology: Denk and Detwiler Proc. Natl. Acad. Sci. USA 96 (1999) is illustrated in Fig. 4 , which shows [Ca 2ϩ ] i signals in different parts of the dendritic tree of a single neuron in response to brief, full-field flashes of red light.
Amacrine Cell Responses. In a few cases cells with their somata in the inner nuclear layer were recorded that had stable resting potentials and gave [Ca 2ϩ ] i responses to small spot stimuli that increased with stimulus intensity (Fig. 5) . Different regions of the dendritic arbor could show marked spatial variations of the [Ca 2ϩ ] i response to full-field stimuli even when separated by distances of less than 10 m. Desynchronized spontaneous transients also were observed in neighboring regions of the same dendrite, suggesting that in these cell types, [Ca 2ϩ ] i signals may be highly localized (data not shown).
DISCUSSION
We have demonstrated that two-photon excitation fluorescence microscopy can be used to record calcium dynamics in dendritic processes in the isolated retina without photodynamic damage to the cell and without destroying the retina's light sensitivity.
The residual response (Fig. 2) to the pulsed infrared light used for two-photon excited fluorescence imaging is dominated by one-photon absorption as far out as 990 nm as long as the L-cones are active. This may not hold for mammalian retina, where spectral sensitivity of L-cones (22) is shifted substantially toward shorter wavelengths compared with the salamander (23) .
The rate of photoisomerization caused by direct two-photon absorption can be estimated only with difficulty, because of the uncertainty in the absolute two-photon cross-sections of visual pigments. Earlier measurements on visual pigment analogs yielded rather high values (24) (Ͼ100 GM; 1 GM ϭ 10 Ϫ58 m 4 ⅐s), but more recent measurements, using the activation of the phototransduction cascade as an assay, yielded much smaller values (Ͻ1 GM) (M. Gray-Keller, W.D., B. Shraiman, and P.B.D., unpublished results). Our experimental finding that after elimination of the L-cone sensitivity the response to the imaging laser became dependent on the mode-lock status indicates a nonlinear optical process. This might involve direct, two-photon absorption by the visual pigments but also could arise from optical second-harmonic generation (25) in the tissue and subsequent reabsorption by photopigments. In particular, before studies of the calcium dynamics in the scotopic regime can be undertaken, the nature and origin of the residual excitation need to be better understood.
Photoreceptor activation by two-photon absorption depends on the distance of the focal plane from the photoreceptor layer. Thus, when imaging deeper in the retina a higher level of photoreceptor excitation by two-photon absorption is to be expected. Measurements in the outer plexiform layer therefore may be complicated or even prohibited by bleaching of photopigment or saturation of the receptor response. The twophoton absorption-induced response depends also on the inverse fourth power of the n.a. (or, in the case of underfilling by the scanning laser beam, on the effective n.a.) of the objective lens, making the use of the highest possible objective n.a. and a proper filling of the back aperture desirable.
Another potential pathway of unintentionally activating the retinal light response is photoreceptor excitation by the emitted fluorescence. Because of large variations in dye concentrations, quantum efficiency, accessible volume, and cellgeometrical factors, it is difficult to estimate accurately the generated fluorescence from the excitation parameters. One can estimate instead, however, the amount of fluorescence needed to obtain sufficient signal-to-noise ratio (S͞N) for the measurements. To achieve a photon shot noise-limited S͞N of 10, (S͞N) 2 , i.e., 100 photons have to be detected per time point (2 ms). With a typical overall detection efficiency of about 1%, a total generation rate of about 5 ϫ 10 6 photon͞s is required. This corresponds to a power of 2 pW (20 nW͞cm 2 in the photoreceptor plane), which is much smaller than the visiblelight equivalent of the one-photon direct activation as measured above.
We expect that the technique presented in this paper also will be usable with fluorescent indicators sensitive to the concentration of other intracellular ions, such as Na ϩ (26), or second messengers, such as cAMP (27) . Particularly powerful, in the retina and elsewhere, should be the combinations of multiphoton imaging with emerging green fluorescent proteinbased, genetically encoded fluorescence indicators (28) (29) (30) (31) . Such probes, in addition to permitting the labeling of many cells at once, also can be targeted to genetically defined subpopulations of cells (32) , which will make information processing by specific populations of neurons more easily observable. Furthermore, because [Ca 2ϩ ] i changes can occur without the generation of action potentials (13), two-photon calcium recording should complement nicely electrode array measurements (33) for population recordings.
